Abstract. Cholangiocarcinoma is the most common biliary malignancy and the second most common hepatic malignancy after hepatocellular carcinoma (HCC). Galectin-9 (Gal-9) is a tandem-repeat-type galectin that has recently been shown to exert antiproliferative effects on cancer cells. Therefore, the present study evaluated the effects of Gal-9 on the proliferation of human cholangiocarcinoma cells in vitro as well as the microRNAs (miRNAs) associated with the antitumor effects of Gal-9. Gal-9 suppressed the proliferation of cholangiocarcinoma cell lines in vitro and the growth of human cholangiocarcinoma cell xenografts in nude mice. Our data further revealed that Gal-9 increased caspase-cleaved keratin 18 (CCK18) levels, and the expression of cytochrome c increased in Gal-9-treated cholangiocarcinoma cell lines. These data suggested that Gal-9 induced cholangiocarcinoma cell apoptosis via the intrinsic apoptosis pathway mediated by caspase-dependent or -independent pathways. In addition, Gal-9 reduced the phosphorylation of the epidermal growth factor receptor (EGFR), insulin-like growth factor and insulin-like growth factor-1 receptor (IGF-1R), hepatocyte growth factor receptor and fibroblast growth factor receptor 3 (FGFR3). These findings suggest that Gal-9 can be a candidate of therapeutic target in the treatment of cholangiocarcinoma.
Introduction
Cholangiocarcinoma is the most common biliary malignancy and the second most common hepatic malignancy after hepatocellular carcinoma (HCC) (1) . Cholangiocarcinoma accounts for 3% of all gastrointestinal tumors, and the overall incidence of cholangiocarcinoma appears to have increased over the past 3 decades (2) . Hepatobiliary cancers are associated with a poor prognosis since many patients with biliary tract cancers present with advanced disease. The percentage of patients who survive 5 years after diagnosis has not increased during this time period, remaining at 10% (3, 4) . Understanding of cholangiocarcinoma biology, the oncogenic landscape of this disease, and its complex interaction with the tumor microenvironment could lead to improved therapies and increased patient survival (5) .
Galectin-9 (Gal-9) is a tandem-repeat-type galectin with two carbohydrate-recognition domains (CRDs) and was first identified as an eosinophil chemoattractant and activation factor (6) (7) (8) (9) . Similar to other galectins, Gal-9 regulates various cellular functions, such as cell aggregation and adhesion, and apoptosis of tumor cells (9, 10) . Gal-9 enhances antitumor immunity by the initial CRD-independent maturation of dendritic cells and subsequent induction of Th1-mediated antitumor immunity (11) . In addition, treatment with recombinant Gal-9 prolonged survival in a murine melanoma model, not only increasing the numbers of CD8 cytotoxic T cells (CTLs) but also those of natural killer (NK) cells and macrophages (12) .
Recent studies have uncovered additional mechanisms by which T cell immunoglobulin mucin-3 (Tim-3), a receptor for Gal-9, negatively regulates T cell responses by promoting CD8 + T cell exhaustion and inducing expansion of myeloidderived suppressor cells (13, 14) .
Most studies that investigated the mechanism of T cell death by Gal-9 were performed using leukemic T cell lines. Particularly, recombinant Gal-9 induced apoptosis, which depends on the presence of a functional CRD, in various T cell leukemic cell lines in a dose-dependent manner (15, 16 Additionally, several in vitro and in vivo studies have indicated that Gal-9 inhibits the growth of multiple myeloma (17) and chronic myeloid leukemia (18) . In hematologic malignancies, Gal-9 suppresses cell proliferation and tumor growth in vitro and in vivo. However, in solid malignancies, the antitumor effect of Gal-9 remains unknown. Less is known concerning the antitumor effects of Gal-9 on cholangiocarcinoma cells and on the microRNAs (miRNAs) associated with these effects. Therefore, the present study aimed to evaluate the effects of Gal-9 on the growth of cholangiocarcinoma cell lines, its mechanism of action, and the miRNAs associated with the antitumor effect of Gal-9.
Materials and methods
Reagents and antibodies. Recombinant mutant forms of human Gal-9 lacking the linker peptides were expressed and purified as previously described (19) . Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Laboratories (Kumamoto, japan), and all other chemicals were obtained from Sigma Chemical (Tokyo, japan).
Following antibodies were used: anti-β-actin monoclonal antibody (A5441, used at a dilution of 1:3,000; Sigma-Aldrich, St. Louis, MO, USA); cyclin D1 (Rb-9041, used at 1:1,000); cyclin E (used at 1:1,000) (both from Thermo Fisher Scientific, waltham, MA, USA); Cdk6 (sc-177, used at 1:1,000); Cdk4 (sc-749, used at 1:1,000); Cdk2 (sc-163, used at 1:2,000) (all from Santa Cruz biotechnology, Santa Cruz, CA, USA); phosphorylated retinoblastoma protein (Rb; no. 558385, used at 1:1,000; bD Pharmingen); Rb (#9309, used at 1:1,000; Cell Signaling Technology); and secondary horseradish peroxidase (HRP)-linked anti-mouse and anti-rabbit IgG antibodies (used at 1:2,000; GE Healthcare, UK).
Cell lines and culture. The two human cholangiocarcinoma TFK-1 and HuH-28 cell lines were obtained from the japanese Cancer Research Resources bank (Osaka, japan) and passaged at our laboratory for <6 months. The cell lines were authenticated by the Cell bank using short tandem repeat PCR. TFK-1 was grown in RPMI-1640 and HuH-28 was grown in MEM, with both media types supplemented with 10% fetal bovine serum (FbS) and 100 mg/l of penicillin-streptomycin in a humidified atmosphere with 5% of CO 2 at 37˚C.
Cell proliferation assay. Cell proliferation assays were conducted in TFK-1 and HuH-28 cells. Each cell line (5x10 3 ) was seeded into 96-well plates and cultured in 100 µl of culture medium supplemented with 10% FbS. After 24 h, the cells were treated with 0.03, 0.1 or 0.3 µM Gal-9 and then cultured for an additional 48 h. CCK-8 reagent (10 µl) was added to each well, and the plates were incubated at 37˚C for 3 h. The absorbance of each well was measured at 450 nm using an auto-microplate reader.
ELISA for apoptosis. M30 Apoptosense enzyme-linked immunosorbent assay (ELISA) kits obtained from PEVIVA Ab (bromma, Sweden) was used to evaluate caspase-cleaved keratin 18 (CCK18) levels (20) . Cell line cells (5x10 3 cells) were seeded into 96-well plates and cultured in 100 µl of culture medium for 24 h. The cells were then treated with 0.3 µM Gal-9, and the assays were performed according to the manufacturer's instructions. The amount of antigen in controls and samples were calculated by interpolation to a standard curve.
Flow cytometry. To evaluate the mechanism of growth inhibition by Gal-9, cell cycle profiles were analyzed after treatment with Gal-9. TFK-1 cells (1.0x10 6 cells in a 100-mm dish) were treated with or without 0.3 µM Gal-9 for 24 h. The cell cycle distribution was analyzed by measuring the amount of propidium iodide (PI)-labeled DNA in ethanol-fixed cells. Fixed cells were washed with phosphate-buffered saline (PbS) and stored at -20˚C until analysis by flow cytometry. On the day of analysis, the cells were washed with cold PbS, suspended in 100 µl of PbS plus 10 µl of RNase A (250 µg/ml) and incubated for 30 min. To each suspension was added 110 µl of PI stain (100 µg/ml), and the cells were incubated at 4˚C for at least 30 min prior to analysis. Flow cytometry was performed using a Cytomics FC500 flow cytometer (Beckman Coulter) with an argon laser (488 nm). The percentages of cells in different phases of the cell cycle were analyzed by Flowjo software (TreeStar, Ashland, OR, USA). All experiments were performed in triplicate to assess consistency of response.
Gel electrophoresis and western blotting. TFK-1 cells (1.0x10 6 /dish) were seeded in 100-mm culture dishes and cultured for 24 h; Gal-9 was added, and the cells were further cultured for 48 h. The cells were washed twice in PbS and lysed using a protease inhibitor cocktail (ProPrep, 'Complete' protease inhibitor mixture; iNtRON biotechnology, Sungnam, Korea). Protein concentration was quantified using the NanoDrop 2000 fluorospectrometer (Thermo Scientific Corp., USA). whole-cell lysates (1-10 µg) were resolved by SDS-polyacrylamide gel electrophoresis on 10% Tris-glycine gradient gels by SDS-PAGE (21) , and the proteins were transferred to nitrocellulose membranes. After blocking, the membranes were incubated with primary antibodies and then incubated with HRP-conjugated secondary antibodies (22) . Immunoreactive proteins were visualized with an enhanced chemiluminescence detection system (Perkin-Elmer Co., Waltham, MA, USA) on X-ray film.
Xenograft model analysis.
Animal experiments were performed according to the guidelines of the Committee on Experimental Animals of Kagawa University, Kagawa, japan.
Eighteen female athymic mice (bALb/c-nu/nu; 6-weeks old; 20-25 g) were purchased from japan SLC Inc. (Shizuoka, japan). The animals were maintained under specific pathogen-free conditions using a laminar airflow rack. The mice had continuous free access to sterilized (γ-irradiated) food (CL-2; CLEA japan Inc.) and autoclaved water.
Each mouse was subcutaneously inoculated with TFK-1 cells (5x10 6 cells/animal) in the flank. Two weeks later, the xenografts were identifiable as masses of maximal diameter >6 mm. we randomly assigned the animals to 3 groups. These groups were treated with 30 µg of Gal-9 (n=6), 90 µg of Gal-9 (n=6) or control (PbS only; n=6).
The Gal-9-treated groups were injected subcutaneously with Gal-9 (30 or 90 µg) 3 times a week. The control group was administered PbS alone. Tumor growth was monitored daily 
Antibody arrays of phosphorylated receptor tyrosine kinases (p-RTKs).
Human p-RTKs were assayed using Human p-RTK array kits (R&D Systems) according to the manufacturer's instructions. Briefly, p-RTK array membranes were blocked with 5% bSA/TbS (0.01 M Tris-HCl, pH 7.6) for 1 h and incubated with 2 ml of lysate prepared from cell lines after normalization so that the amounts of protein were equal. After 3 washes for 10 min each with TbS plus 0.1% v/v Tween-20 and 2 washes for 10 min with TbS alone to remove unbound materials, the membranes were incubated with antiphospho-tyrosine-HRP antibody for 2 h at room temperature. The unbound HRP antibody was washed out with TbS plus 0.1% Tween-20. Finally, each array membrane was exposed to X-ray film using a chemiluminescence detection system (Perkin-Elmer Co.).
Angiogenic profile analysis using an antibody array. The Raybio Human Angiogenesis Antibody Array (Raybiotech Inc.) was used according to the manufacturer's protocol. This method is a dot-based assay enabling detection and comparison of 20 angiogenesis-specific cytokines. Each array membrane was exposed to X-ray film using a chemiluminescence detection system.
Analysis of miRNA arrays. Total RNA was extracted from tumor samples using RNeasy Mini kits (Qiagen) according to the manufacturer's instructions. RNA samples typically showed A 260/280 ratios between 1.9 and 2.1, using an Agilent 2100 bioanalyzer (Agilent Technologies).
After RNA measurement with an RNA 6000 Nano kit (Agilent Technologies), the samples were labeled using a miRCURYHy3/Hy5 Power Labeling kit and were hybridized to a human miRNA Oligo chip (v.19.0; Toray Industries). The chips were scanned with a 3D-Gene Scanner 3000, and the results were analyzed by 3D-Gene extraction version 1.2 software (both from Toray Industries). Differences in miRNA expression between Gal-9-treated and control samples were assessed by analyzing the raw data using GeneSpring GX v10.0 (Agilent Technologies). The samples were first normalized relative to 28S RNA and baseline corrected to the median of all samples.
Replicate data were consolidated into 2 groups (those from Gal-9-treated cells and those from control cells) and were organized using the hierarchical clustering and ANOVA functions in GeneSpring software. Hierarchical clustering was performed using the clustering function (condition tree) and Euclidean correlation as a distance metric. Two-way ANOVA analysis and asymptotic P-value computation without any error correction on the samples were performed to determine the miRNAs varying most prominently across the groups. The P-value cut-off was set to 0.05. Only changes >50% for at least one of the time points for each sample were considered significant. All analyzed data were scaled by global normalization. The significance of differentially expressed miRNAs was analyzed by the Student's t-test.
Statistical analyses. All statistical analyses were performed using computer-assisted jMP 9.0 (SAS Institute, Cary, NC, USA). Paired analysis between groups used t-tests. A P-value <0.05 was considered significant.
Results

Gal-9 suppresses the proliferation of human cholangiocarcinoma cells.
To evaluate the effect of the growth activity of Gal-9 on human cholangiocarcinoma cells in vitro, we examined the effect of Gal-9 on proliferation in two cholangiocarcinoma cell lines, TFK-1 and HuH-28. The cells were grown in 10% FbS and treated with 0, 0.03, 0.1 or 0.3 µM Gal-9 for 48 h. Gal-9 led to a dose-dependent and strong inhibition of cell proliferation in the two cholangiocarcinoma cell lines (Fig. 1) .
Gal-9 induces apoptosis of cholangiocarcinoma cells.
To clarify the mechanism of the growth inhibitory effect of Gal-9, we first examined the induction of apoptosis by Gal-9.
CCK18 expression was determined by ELISA to confirm whether apoptosis is involved in Gal-9-induced cell death. Gal-9 increased the levels of CCK18 in the two CCA cell lines (Fig. 2) .
No or little effects of Gal-9 on the cell cycle in TFK-1 cells.
It became intriguing to clarify whether effects of Gal-9 on cell cycle are simultaneously involved in the suppression of cholangiocarcinoma cells. The effects of Gal-9 on the expression of various cell cycle-related molecules in TFK-1 cells were evaluated by western blotting. Cells were treated 0 or with 0.3 µM Gal-9 for 24-48 h. Assays of the expression of other proteins associated with the G 0 to G 1 transition showed that the Cdk6, catalytic subunit of cyclin D1, Cdk2 and Cdk4 were not changed at 24 and 48 h after the addition of 0.3 µM Gal-9 (Fig. 3A) .
Next, we performed flow cytometric analysis of the cell cycle to evaluate the contribution of cell cycle arrest to the suppression of CCA cell lines by Gal-9. TFK-1 cells treated with 0.3 µM Gal-9 showed no change in the cell cycle profile (Fig. 3B) . These results suggested that Gal-9 suppresses cholangiocarcinoma cell growth through the tumor cell apoptosis but not through cell cycle arrest.
Gal-9 suppresses tumor cell growth in vivo.
Next experiments were performed to clarify whether Gal-9 also exhibits tumor growth suppressive activity in vivo. Nude mice were injected subcutaneously with TFK-1 cells, followed by the subcutaneous injection of Gal-9. Gal-9 significantly suppressed the tumor growth of TFK-1 cells compared with untreated control mice ( Fig. 4A and b) . Throughout the in vivo study, Gal-9 had no apparent effects on these mice and did not affect their weights. All animals survived throughout the experiment. Caspase-cleaved keratin 18 (CCK18) produced specifically during apoptosis was determined by enzyme-linked immunosorbent assay (ELISA). Cells were incubated with or without 0.3 µM galectin-9 (Gal-9). Gal-9 increased the levels of CCK18 in TFK-1 and Huh28 cells, suggesting that the apoptotic process following phosphatidylserine exposure proceeds to cut intermediate filaments of cells. Fold-changes in CCK18 are shown as the mean ± SD with analysis by paired t-test. For each cell line, the conditions at 24 and 48 h were significantly different than the control (0 mmol/l). Figure 1 . Galectin-9 (Gal-9) inhibits the proliferation of cholangiocarcinoma cell lines. TFK-1 and HuH-28 cells were seeded in 96-well plates. After 24 h, Gal-9 (0.03, 0.1 or 0.3 µM) was added to the culture medium. Twenty-four hours after the addition of the agents, the CCK assay was conducted as described in the Materials and methods section. TFK-1 and HuH-28 cells were seeded at 5,000 cells/well in 96-well plates, and the agents were added at time 0 h. The data points represent the mean cell number from 2 independent clusters, and the error bars represent SDs. For each cell line, the conditions at 24 and 48 h were significantly different than the control (0 mmol/l).
Effects of Gal-9 on apoptosis-associated proteins in TFK-1 cells.
we used an apoptosis array system to identify the apoptosis-associated proteins associated with the antitumor effect of Gal-9. Using an antibody array enabled the expression of 35 apoptosis-associated proteins to be screened in TFK-1 cells in the presence and absence of Gal-9 (Fig. 5A) . Gal-9 increased the levels of expression of cytochrome c (Fig. 5b) . Densitometry analysis showed that the ratio of cytochrome c spots of Gal-9-treated to untreated cells was 249.9% (Fig. 5C ). Expression levels of the apoptosis-associated proteins other than cytochrome c were not affected by Gal-9.
Effects of Gal-9 on p-RTKs in TFK-1 cells. we used a p-RTK array system to identify the key RTKs associated with the antitumor effect of Gal-9. Using an antibody array enabled the expression of 49 activated RTKs to be screened in TFK-1 cells in the presence and absence of Gal-9 (Fig. 6A) . Gal-9 reduced the levels of expression of phosphorylated epidermal growth factor receptor (p-EGFR) and phosphorylated insulin-like growth factor-1 receptor (p-IGF-1R), as well as reduced the expression of hepatocyte growth factor receptor (HGFR) and fibroblast growth factor receptor 3 (FGFR3; Fig. 6b ). Densitometry analysis showed that the ratio of p-EGFR, p-HGFR, p-IGF-1R and p-FGF R3 spots of Gal-9-treated to untreated cells was 40.1, 38.0, 16.1 and 18.3%, respectively (Fig. 6C) .
Effects of Gal-9 on angiogenesis in TFK-1 cells. we used an angiogenesis array system to identify the key angiogenesisrelated molecules associated with the antitumor activity of Gal-9 on TFK-1 cells (Fig. 7A) . The 20 angiogenesis molecules screened showed no change by treatment with Gal-9 (Fig. 7b) .
Effects of Gal-9 on miRNA expression in the tumorous tissues in vivo.
Using a custom microarray platform, we analyzed the level of 2555 miRNA probe in tumorous tissues in vivo that were treated with and without Gal-9.
In a tumor xenograft model, in the Gal-9 group, there were 22 upregulated and 27 downregulated miRNAs of the 985 miRNAs (GEO, accession no. GSE30289; Table I ). Unsupervised hierarchical clustering analysis using Pearson's correlation showed that tumorous tissues in vivo treated with Gal-9 clustered together, and separately from untreated cell lines (Fig. 8) . we found that miR-198 was upregulated in tumor tissues treated with Gal-9.
Discussion
Our present results revealed that galectin-9 (Gal-9) suppresses cell proliferation and tumor growth of human cholangiocarcinoma cell lines in vitro and in vivo. The antitumor effect of Gal-9 in T cell hemostasis, cell aggregation, and metastasis is well known (13, 14) . Previous findings suggested that Gal-9 inhibits the proliferation of hematologic malignancies, such as multiple myeloma (17) and chronic myeloid leukemia (18) and significantly retards the tumor growth of myeloma xenografts in mice (17) . Cell surfaceassociated Gal-9 triggered the aggregation of melanoma cells, indicative of Gal-9-mediated cellular adhesion and inhibition of cell detachment (24) . In hematologic malignancies, Gal-9 suppresses cell proliferation and tumor growth in vitro and in vivo. On the other hand, in solid malignancies, breast cancer cell lines with high levels of endogenous Gal-9 had a strong tendency to aggregate, whereas cells with low levels of Gal-9 did not (25) . Importantly, ectopic expression of endogenous Gal-9, as well as treatment with recombinant Gal-9, triggered the formation of tight cellular clusters (24, 25) . Therefore, Gal-9 directly suppresses cell proliferation and tumor growth, and has therapeutic potential for several solid tumors.
Gal-9 increases Tim-3 + dendritic cells and CD8 + T cells and enhances antitumor immunity via Gal-9-Tim-3 interactions. Nagahara et al reported that mature CD11 + dendritic cells became Tim-3-positive; however, Tim-3-dependent interaction with CD8 + T-cells triggers the production of IFN-γ (26) . In line with these in vitro findings, splenocytes of sarcoma-bearing mice that were treated with Gal-9 contained a higher number of 
Tim3
+ CD8 + cytotoxic T cells (CTLs). These CTLs have higher granzyme b and perforin expression levels, indicative of higher cytotoxic activity (26) . we used a xenograft model, resulting in an inhibited immune system due to a greatly reduced number of T cells. whether Gal-9 suppresses cholangiocarcinoma tumor growth through not depending Gal-9/Tim-3 pathway still needs to be identified in our further study.
Recombinant Gal-9 induces apoptosis and cell death through apoptotic signaling pathways (17, 18) . Apoptotic signaling was caspase-dependent and induced by the activation of the MAP kinases jNK and p38 in multiple myeloma cells (17) . In addition, Gal-9 induced the proapoptotic bcl-2 family member Noxa via activating transcription factor 3, leading to death in chronic myeloma cells (18) . Various hematologic malignancies are sensitive to apoptotic elimination by recombinant Gal-9. Cleavage of cytokeratin 18 (CK18) occurs as an early event during apoptosis following activation of apoptosis executioners, particularly effector caspases, yet remains intact during other types of cell death, such as autophagy or necrosis (27) . Therefore, several studies have made use of this phenomenon to detect cellular apoptosis at its early phase (28) (29) (30) . Our data have suggested that Gal-9 increased the levels of CCK18 in two cholangiocarcinoma cell lines. Additionally, we found that the expression of cytochrome c increased in Gal-9 treated cholangiocarcinoma cell lines using apoptosis array analysis. Cytochrome c released from damaged mitochondria is a very early event in the intrinsic apoptosis pathway and contributes to caspase-9 activation. These data indicate that Gal-9 induces apoptosis of cholangiocarcinoma cell lines in the intrinsic apoptosis pathway through caspase-dependent or -independent pathways.
The expression levels of cell cycle-related proteins (Cdk2, Cdk4, Cdk6, cyclin D1 and cyclin E) did not change 24 and 48 h after the addition of Gal-9. Additionally, flow cytometric analysis showed that Gal-9 did not affect the G 0 to G 1 transition in cholangiocarcinoma cells in vitro. These data suggest that the antitumor effect of Gal-9 may not be related to the reduction of various cell cycle-related proteins, particularly cyclin D1. Additionally, the 20 screened angiogenesis molecules showed no change by treatment with Gal-9 in human cholangiocarcinoma cell lines.
In contrast, according to the pRTK array, Gal-9 reduced the levels of expression of phosphorylated epidermal growth factor receptor (p-EGFR) and phosphorylated insulin-like growth factor-1 receptor (p-IGF-1R), as well as reduced the expression of HGFR and FGFR3.
miRNAs associated with the antitumor effects of Gal-9 were assessed using miRNA expression arrays. Cluster analyses clearly showed that Gal-9 treatment affected the extent of miRNA expression in tumor tissues. We identified 49 miRNAs that were differentially expressed in a cluster. These miRNAs are meaningful candidates to gauge the effectiveness of Gal-9 treatment and to provide clues to the molecular basis of the anticancer effects of Gal-9, particularly those mediated by miRNAs.
Particularly, miR-198 is downregulated in hepatocellular carcinoma (HCC) compared with the normal liver (31) , and it plays a tumor suppressor role by negatively regulating the HGF/c-Met pathway (32) . miR-198 inhibits cell proliferation and tumor growth in lung cancer cellular proliferation and induces apoptosis through targeting FGFR1 in lung cancer cells (33) . Reduced miR-198 expression is associated with poor prognosis, and high miR-198 predicts better prognosis and increased survival in pancreatic cancer (34) . Therefore, the possibility cannot be excluded that miR-198 is closely associated with induction of apoptosis by Gal-9.
In conclusion, our results revealed that Gal-9 inhibits human cholangiocarcinoma cell proliferation and tumor growth, possibly by inducing apoptosis to produce cytochrome c, which is an apoptosis-related molecule through the alteration of miRNAs. These findings suggest that Gal-9 may be a candidate as a new therapeutic target in the treatment of cholangiocarcinoma. 
